Variable scan rate (0.1-500 V s -1 ) cyclic voltammetry experiments were performed on a series of model tocopherol (vitamin E) compounds with differing degrees of methyl substitution around the aromatic (phenolic) ring. R-Tocopherol, with a fully methylated aromatic ring, produced stable phenoxonium cations upon oxidation in CH 3 CN, and was modeled via an ECE mechanism (where "E" represents an electron transfer and "C" a chemical step). Compounds with less methyl substitution around the aromatic ring were more reactive following oxidation, and formed additional oxidation products (hemiketals and p-quinones), and were modeled according to a more complicated ECECC mechanism. The equilibrium and rate constants associated with the chemical steps were estimated by digital simulations of the variable scan rate data over a range of temperatures (T ) 253-313 K) in acetonitrile containing 0.5 M Bu 4 NPF 6 as the supporting electrolyte. The relative lifetimes of the phenoxonium cations of tocol and the tocopherols were compared with theoretical results obtained from molecular orbital calculations.
Introduction
Vitamin E comprises a series of phenolic compounds (tocols, tocopherols, and tocotrienols) that are produced by plants, some of which are essential to human health. In this work, vitamin E refers to the collection of tocol (H 3 -TOH) and tocopherols (R-, -, γ-, and δ-TOH) that differ in their degree of methyl substitution around the phenolic ring (Scheme 1). There are currently two conflicting schools of thought regarding the biological function of vitamin E. One school takes the traditional and most widely accepted view that vitamin E's sole function is as an antioxidant, which is essentially a sacrificial compound that preferentially reacts with harmful free radicals thereby preventing lipid peroxidation (via a well-established radical termination mechanism). 1, 2 The second theory is that vitamin E (primarily the R-tocopherol form) is involved in specific cellular signaling mechanisms, instead of, or in addition to, its antioxidant functions, although the mechanism at the molecular level is not currently understood. 3 It is likely that the latter scenario (should it occur) also involves oxidized forms of vitamin E; therefore, electrochemical experiments can provide useful mechanistic information regarding potential in vivo reactions.
The electrochemical behavior of the tocopherols in acetonitrile and dichloromethane solutions has been studied extensively [4] [5] [6] and has recently been reviewed. 6f The overall electrochemical mechanism can be considered to be similar to that proposed for other phenols 7 with some important exceptions (Scheme 2). In the absence of added acid or base, initial one-electron oxidation of the tocopherols (TOH) produces the cation radicals (TOH •+ ), which lose a proton to form the phenoxyl radicals (TO • ). Evidence for the initial charge transfer and chemical step occurring consecutively (separately), rather than concertedly (simultaneously), 8 came from spectroscopic measurements in dry acidic conditions that allowed detection of the cation radical. 4, 6 In the absence of acid, the phenoxyl radicals (having less positive oxidation potentials than the starting phenols) undergo immediate further one-electron oxidation to form the phenoxonium cations (TO + ) in an ECE ("E" represents electron transfer and "C" represents a chemical step) mechanism. 4, 6 The principal differences observed in the electrochemical behavior of the tocopherols, when compared to most other phenols, are that (i) the oxidation reaction is chemically reversible on the cyclic voltammetry (CV) time scale (and for the R and forms is reversible on electrolysis time scales 6d ), and (ii) the cation radicals and phenoxonium cations are stable enough to be detected by cyclic voltammetry and in some cases by spectroscopy. The phenoxonium cation of R-toco-pherol (R-TO + ) is particularly stable and can even be isolated as a pure solid compound when crystallized with a nonnucleophilic counteranion. 6e The mechanism in Scheme 2 has largely been determined by slow scan rate CV and controlled potential electrolysis experiments, 4,6 combined with detailed spectroscopic analysis (EPR, FTIR, NMR, and UV-vis spectroscopies and X-ray crystallography), 6 although there currently exist few kinetic data for the homogeneous chemical steps. This study uses variable scan rate cyclic voltammetry between 0.1 and 500 V s -1 to study kinetic aspects of the reactions that occur in Scheme 2, as well as the additional steps associated with secondary oxidation processes that occur for the less methylated tocol and tocopherols . In all cases the model compounds were used where the phytyl tails were replaced with methyl groups (position 1′ in Scheme 1), since these compounds can be synthesized in a higher degree of purity (than the oil-like natural compounds) and their electrochemical behavior has been shown to be identical to the natural compounds (Scheme 3). 6c,g The electrochemical experiments were complemented with results from high-level theoretical calculations on the phenoxonium cations, in order to determine whether there is a relationship between the observed lifetimes in solution, and the structure and positive charge distribution within the phenoxonium cations. 2.3. Theoretical Calculations. Digital simulations of the CV data were performed using the DigiElch software package. 12 Molecular orbital calculations were performed using a development version of the Q-Chem 3.1 software package 13 and the Spartan '04 software package. 14 Electrostatic potential maps and potential-derived atomic charges were computed by Spartan at the B3LYP/6-31G* level using structures optimized at the same level.
Experimental

Results and Discussion
3.1. (CH 3 )r-TOH. Cyclic voltammograms (CVs) of (CH 3 )R-TOH in CH 3 CN over a range of scan rates are shown in Figure   SCHEME Table 1 ). 1 (solid lines), along with the corresponding digital simulations (dashed lines). The CVs were modeled based on the pathway 2 mechanism in Scheme 2, where the forward positive potential scan involved the chemically reversible transformation of the phenol into the phenoxonium cation [(CH 3 )R-TO + ] via two oneelectron-oxidation steps and an accompanying proton loss (an ECE mechanism). When the scan direction was reversed, a reductive peak was detected that was associated with the transformation of the phenoxonium cation back to the starting material. The data in Figure 1 illustrate that the ratio of the oxidative (i p ox ) to reductive (i p red ) peak currents (i p ox /i p red ) remained approximately constant as the scan rate was increased, while the anodic (E p ox ) to cathodic (E p red ) peak-to-peak separation (∆E pp ) increased with increasing scan rate.
Because the reduction potential of the cation radical (TOH •+ ) is greater than the oxidation potential of the phenoxyl radical (TO • ) by approximately +0.4 V, the two compounds should undergo a homogeneous charge transfer reaction to form the phenoxonium cation (TO + ) and regenerate the starting material (TOH) (Scheme 4). It is very difficult to experimentally determine whether the reaction in Scheme 4 (termed a disproportionation step 15 ) occurs instead of the second heterogeneous charge transfer step, or whether the ECE mechanism, as illustrated by pathway 2 in Scheme 2, solely takes place. It is possible that the mechanisms in both Schemes 2 and 4 occur simultaneously, depending on whether the TO • radical encounters the electrode surface (heterogeneous charge transfer) or encounters a cation radical (homogeneous charge transfer) and depending on the relative rates of the heterogeneous and homogeneous charge transfer steps. The electrochemical data were modeled only on the ECE mechanism. One observation that favors the simpler ECE mechanism is that the reaction is completely chemically reversible. In order for the disproportionation mechanism to occur, the equilibrium and rate constants for the C step and disproportionation step would both coincidentally need be "tuned" to allow the reactions to favorably progress in either direction.
It was possible to obtain a simulated voltammogram that very closely matched the experimental voltammogram for any individual scan rate, when modeled according to the pathway 2 mechanism in Scheme 2. However, no series of simulated voltammograms exactly matched the experimental data when a range of scan rates were used with the same simulation parameters. Therefore, the simulation results presented in Figure  1 (and other figures) represent the best average values, taking into account that data were collected over a large range of scan rates and at different size electrodes. a CV data recorded with 0.5 M n-Bu4NPF6 as the supporting electrolyte with 20 µm, 50 µm, 0.1 mm, and 1 mm diameter Pt electrodes, at scan rates between 0.1 and 500 V s -1 and at temperatures from 313 to 253 K.
b Formal potential vs Fc/Fc + . Heterogeneous rate constants were estimated to be between 0.1 and 0.3 cm s -1 . Diffusion coefficient values (2.5 × 10 -5 cm 2 s -1 at 313 K to 0.3 × 10 -5 cm 2 s -1 at 253 K) for the starting materials were estimated by simulation techniques (the same values were used for all oxidized forms of the same compound). c Homogeneous equilibrium and rate constants. The range in these values reflects the error associated with the simulations due to the high number of variables and because the forward (k f (1)) and reverse (kb (1) Table 1 ). Figure 2 shows the CVs obtained at electrodes of several sizes, demonstrating that, at a scan rate of 100 V s -1 , the ∆E pp values remain approximately constant at the different electrodes. Considering that the effects of uncompensated solution resistance are the highest at the largest surface area electrode, the close similarity in the peak separations in the voltammograms in Figure 2 indicates that the increasing ∆E pp values shown in Figure 1 at faster scan rates are mainly the result of relatively slow heterogeneous electron transfer rates (k s ), rather than the effects of uncompensated solution resistance. By comparing the ∆E pp values obtained for ferrocene under identical conditions (where it was assumed that the k s value was g1 cm s -1 ), 16 estimates on the solution resistance at varying temperatures were made and incorporated into the simulations. Figure 3 shows CVs obtained of (CH 3 )R-TOH at various temperatures, illustrating that the i p ox /i p red ratios and ∆E pp values remain close to constant as the temperature is changed. It was found that varying the scan rate between 0.1 and 500 V s -1 while varying the temperature between 253 and 313 K did not significantly alter the position (V) or ratio (i p ox /i p red ) of the voltammetric waves beyond differences that could be assigned due to solution resistance or slow rates of heterogeneous electron transfer. Therefore, it can be concluded that the homogeneous proton transfer reaction in Scheme 2, which occurs between (CH 3 )R-TOH •+ and (CH 3 )R-TO • , occurs sufficiently quickly at all temperatures so as not to be outrun at scan rates e500 V s -1 in CH 3 CN solutions. Due to the number of steps involved in the oxidation process and because the homogeneous step occurred relatively quickly, it was possible to obtain simulations that matched the experimental data for a number of values of the forward (k f (1) ) and reverse (k b (1) ) rate constants (Scheme 5), with the range of values given in Table 1 . The simulations indicate that the forward and reverse reactions are both fast, with the protonation rate approaching that of a diffusioncontrolled process.
The voltammetric results obtained in CH 2 Cl 2 solutions over a variety of temperatures and scan rates were similar to the data obtained in CH 3 CN, although affected by the higher solution resistance associated with the low dielectric constant solvent. At slow scan rates e0.2 V s -1 , the CVs showed an additional reductive peak when the scan direction was reversed ( Figure  4 ), but at faster scan rates the voltammograms were very similar in appearance to those obtained in CH 3 CN solutions.
The voltammograms obtained for (CH 3 )R-TOH in dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) solutions were significantly different from those obtained in CH 3 CN or CH 2 Cl 2 (Figure 4 ). CVs obtained of (CH 3 )R-TOH in DMF and DMSO solutions at scan rates up to 500 V s -1 showed only a forward oxidative process with no evidence of a cathodic peak associated with reduction of the phenoxonium cation back to the phenol (as occurs in CH 3 CN and CH 2 Cl 2 ). Therefore, the CV results provide no evidence for the existence of the persistent phenoxonium cations in DMF and DMSO, which is an unexpected result since the electrochemical behaviors of compounds in the aprotic solvents CH 3 CN and DMF are usually alike. 17 A further observation was that the peak potentials for the oxidation process in DMF and DMSO were shifted to less positive potentials compared to in CH 3 CN and CH 2 Cl 2 .
The i p ox values for the oxidation process were much lower in DMF and DMSO compared to those recorded in CH 3 CN and CH 2 Cl 2 (Figure 4) . The lower peak currents can partly be explained by decreasing diffusion coefficient values in the more viscous solvents DMF and DMSO. Coulometry data collected during exhaustive controlled-potential oxidative electrolysis experiments on (CH 3 )R-TOH allowed the calculation of 2.2 electrons/molecule in DMF and over 4 electrons/molecule in DMSO solutions, indicating a complicated long-term oxidation mechanism. The small voltammetric peak detected at -1.0 V vs Fc/Fc + when the scan direction was reversed for (CH 3 )R-TOH in DMSO or DMF (Figure 4 ) became larger during the electrolysis experiments, indicating that it was due to a secondary oxidation product (but not the phenoxonium cation). By comparison with an authentic sample, it was determined that the species responsible for the peak at -1.0 V was not the R-tocopherol quinone, which is known to be a long-term oxidation product. 18 Therefore, it appears that the oxidation process in DMF and DMSO occurs through a more complicated mechanism than that shown in Scheme 2.
(CH 3 )γ-TOH, (CH 3 )δ-TOH, and (CH 3 )H 3 -TOH.
The cyclic voltammograms obtained for the tocopherols and tocol in CH 3 CN, with fewer methyl groups in the aromatic ring, were more complex than those for the fully methylated form. Figure  5 shows cyclic voltammograms obtained for (CH 3 )γ-TOH over a range of scan rates. (Experimental data for (CH 3 )δ-TOH and (CH 3 )H 3 -TOH showed similar features.) At a scan rate of 0.1 V s -1 , a reductive peak was detected when the scan direction was reversed at -0.3 V vs Fc/Fc + . When the scan rate was increased to 10 V s -1 , the reductive peak at -0.3 V vs Fc/Fc + disappeared while concomitantly a reductive peak at +0.2 V vs Fc/Fc + increased in magnitude. The reductive peak at +0.2 V vs Fc/Fc + is associated with reduction of the phenoxonium cation back to the starting material. Thus, at a scan rate of 10 V s -1 , the cyclic voltammogram of (CH 3 )γ-TOH appeared very similar to the CV of (CH 3 )R-TOH at a scan rate of 0.1 V s -1 (compare Figures 1 and 5) . The voltammetric behavior of (CH 3 )γ-TOH can be rationalized by its phenoxonium cation Table 1 ).
formed by electrochemical oxidation being relatively short-lived, so at slower scan rates, the i p ox /i p red ratio for the phenol/ phenoxonium cation transformation was .1.
The additional reductive peak at -0.3 V vs Fc/Fc + observed at slow scan rates during the oxidation of (CH 3 )γ-TOH is due to a reaction product of the phenoxonium cation, and has been assigned as a hemiketal [TOQ(OH)], which subsequently converts into the p-quinone (TOQ) (Scheme 5). 4,6g,18 Water is usually present in millimolar concentrations even in "dry"
SCHEME 5: Electrochemical Oxidation Mechanism of Tocol and Tocopherols Studied by Cyclic Voltammetry over a Range of Temperatures and Scan Rates a
a Electrochemical, equilibrium, and kinetic values associated with the heterogeneous and homogeneous steps are given in Tables 1 and 2 . R1, R2, R 3 ) H or CH3. Tables 1 and 2 ). organic solvents; hence the hemiketal forms by a hydrolysis reaction of the reactive phenoxonium cation with trace water. The hemiketal is itself not stable and further isomerizes to form the p-quinone (Scheme 5, TOQ). Evidence for the isomerization reaction (Scheme 5, k f (3) ) is detectable in the voltammograms at slow scan rates, because the peak at -0.3 V vs Fc/Fc + (due to the hydrolysis product) initially increases in size as the scan rate is increased from 0.1 to 1 V s -1 , due to the isomerization reaction being outrun. At scan rates faster than ∼1 V s -1 , the hydrolysis reaction (Scheme 5, k f (2) ) is also outrun; hence the peak at -0.3 V diminishes in size until it is undetectable at ν ) 10 V s -1 . The rate constants for the secondary processes [k f(2) , k b(2) , k f(3) , and k b(3) ] that occur for (CH 3 )γ-TOH, (CH 3 )δ-TOH, and (CH 3 )H 3 -TOH (Scheme 5) were much slower than the proton transfer step [k f (1) and k b (1) ]; thus systematic differences could be observed in the voltammograms as the temperature was changed. Figure 6 shows CVs of (CH 3 )γ-TOH at several temperatures (the CVs of (CH 3 )δ-TOH and (CH 3 )H 3 -TOH were qualitatively similar). The most obvious change to the voltammograms was that the peak for the reduction of the phenoxonium cation became larger as the temperature was lowered, due to its increased lifetime (Figure 6 ). Concomitantly to the peak for the reduction of the phenoxonium cation becoming larger at low temperature, the peak for the reduction of the hemiketal at -0.3 V vs Fc/Fc + [TOQ(OH)] became smaller.
The entire oxidation mechanism for the phenols is thus given in Scheme 5, with the corresponding kinetic data obtained by digital simulations summarized in Tables 1 and 2 . For (CH 3 )R-TOH, only the first three steps occur (two one-electron transfers and one proton transfer) on the CV time scale, to reversibly form the phenoxonium cation (TO + ). However, for the less methylated compounds, k f(2) and k f(3) are sufficiently fast to be detectable by CV experiments and so affect the appearance of the voltammograms as the scan rate and temperature are varied. The large number of steps in the overall mechanism meant that the rate and equilibrium constants for the secondary chemical steps could only be estimated to one significant figure (Table  2) .
3.3. Discussion on Electrochemical Data. Some conclusions can be drawn from the electrochemical, equilibrium, and kinetic values presented in Tables 1 and 2 . The effect of the electrondonating methyl groups can be seen in the first and second electron transfer steps (Table 1 , E 0 f (1) and E 0 f(2) ) which shift to more positive potentials with decreasing number of methyl groups in the aromatic ring, so that the one-electron oxidation potentials increase in the order (CH 3 )R-TOH < (CH 3 )γ-TOH < (CH 3 )δ-TOH < (CH 3 )H 3 -TOH.
Another observation from the digital modeling studies is that the equilibrium constant for the proton transfer (K eq (1) ) is <1 mol L -1 , which accounts for the ECE portion of the mechanism being chemically reversible for all of the compounds at all measured scan rates. Furthermore, the chemical reversibility of the protonation reaction is assisted by the second-order rate constant (k b (1) ) being very fast (approaching diffusion controlled for (CH 3 )R-TOH). One explanation for the very fast protonation reaction would be the occurrence of a proton tunneling mechanism, 19 which has been shown to take place for vitamin E when the phenolic starting material (R-TOH) reacts with an oxidized site on a lipid cell wall (LOO • ) to form the phenoxyl radical (R-TO • ) and lipid hydroperoxide (LOOH). 20 Other organic cation radicals have also been shown to undergo proton tunneling mechanisms in CH 3 CN. 21 It is important that the protonation reaction is fast, because the TO • radicals are known to decay by a bimolecular self-reaction with a rate constant of around 1 × 10 3 L mol -1 s -1 (for R-TO • ) in acetonitrile at 293 K, 6a although the values vary in other solvents and with other tocopherols. 2b,22 Thus, if the protonation reactions were slow, the TO • radicals would irreversibly react before the cations could be reduced back to starting material. The bimolecular decay reaction (Scheme 5, k bimolec ) 1 × 10 3 L mol -1 s -1 ) was included in the overall mechanism, although its inclusion did not affect the appearance of the simulated voltammograms.
The equilibrium constants for the follow-up chemical reactions (K eq(2) and K eq(3) ) for the less methylated tocopherols [(CH 3 )γ-TOH and (CH 3 )δ-TOH)] and tocol [(CH 3 )H 3 -TOH] are >1 (200-1000 L mol -1 and 500, respectively], indicating that the forward reactions (hydrolysis and isomerization, respectively) were favored ( Table 2 ). The rate constants for the hydrolysis processes (k f(2) ) increased in the order (CH 3 )R-TOH < (CH 3 )γ-TOH ≈ (CH 3 )δ-TOH < (CH 3 )H 3 -TOH, with decreasing methylation of the aromatic ring (Table 2) . Therefore, it appears that one of the reasons for the long lifetime of the phenoxonium cation of R-TOH (and (CH 3 )R-TOH) in CH 3 CN is that it is relatively stable toward the hydrolysis reaction (k f(2) ) that occurs for the less methylated tocols and tocopherols. The rate constant values for the hydrolysis and isomerization reactions [k f(2) and k f(3) ] decreased as the temperature was lowered.
A key factor in the appearance of the voltammetric responses is the moisture content of the solvent. Since the hydrolysis reaction is the major route of reaction of the phenoxonium cations in CH 3 CN at millimolar concentrations, small amounts of water will affect the CVs and, therefore, the kinetic values Tables 1 and 2). for the reactions in Scheme 5. Nevertheless, since the CV experiments were all performed under identical conditions, the relative lifetimes of the phenoxonium cations given in Tables  1 and 2 are valid. It is possible that the increased equilibrium solubility of water in DMSO and DMF could account for decreased lifetimes of the phenoxonium cations in those media. Direct reactions of the cationic compounds with the solvents are also possible, especially in the case of DMSO. DMSO undergoes a self-ionization reaction, and its conjugate base (CH 3 SOCH 2 -) is a good nucleophile which may attack electrophilic centers. The R-tocopherol quinone product (TOQ) was not voltammetrically detected after oxidation of (CH 3 )R-TOH in DMSO or DMF, suggesting that the long-time-scale reaction(s) in DMSO and DMF were more complicated than hydrolysis of the phenoxonium cation. At high concentrations or in very low dielectric constant solvents such as benzene or chlorobenzene, dimeric compounds are often identified as oxidation products of tocopherols. 2b,18d The addition of strong organic acids, such as CF 3 SO 3 H or CF 3 COOH, has a pronounced effect on the appearance of the voltammograms. 4,6a,b,d As well as increasing the proton concentration, the acid also decreases the moisture content of the solvent and thereby changes the solvent composition (CF 3 SO 3 H reacts with H 2 O to form the monohydrate, CF 3 SO 3 H · H 2 O 23 ). It has been shown that reactive cation radicals (such as C 60
•+ ) 24 are stabilized in organic solvents containing organic-soluble acids, by the acids reacting preferentially with trace nucleophiles (such as water), and the same situation can occur with TOH •+ and TO + . 6d
Theoretical Calculations
One interesting question relates to why some phenoxonium cations have longer lifetimes in solution than others; in particular, large differences in lifetime exist between R-TO + and the phenoxonium cations of the other tocols and tocopherols, despite relatively small differences in their structures. Therefore, the phenoxonium cations were investigated by molecular orbital calculations to determine their molecular structures and the positive charge distributions. The calculations were performed on the gas phase molecules, and do not take into account the more complex interactions that occur between the cations and the solvent molecules. Nevertheless, the theoretical results do indicate some interesting differences between the different tocopherol phenoxonium ions.
It was known from the crystal structure of (CH 3 )R-TO + 6d that the bond distance between the oxygen atom and the quaternary carbon atom (C 12 -O 16 in Table 3 ) was relatively long for a carbon-oxygen bond (1.52 Å compared to 1.44 Å for a normal C-O bond). It was rationalized that the chromanol ring structure helped to maintain the C 12 -O 16 bond intact despite it being long and, therefore, weak. The results in Table 3 indicate that the length of the C 12 -O 16 bond in the phenoxonium cations do increase as the degree of methyl substitution decreases. The calculations also indicate that, as the C 12 -O 16 bond length increases between the different phenoxonium cations, the C 4 -O 16 bond length correspondingly decreases. Table 3 contains the calculated electrostatic potential derived charges, where the charges on the hydrogen atoms are absorbed into their parent carbons, which show a number of interesting differences between (CH 3 )R-TO + and the other phenoxonium cations. If the total positive charge in the aromatic ring is summed, the charge increases in the order (CH 3 )R-TO + (+0.77) < (CH 3 ) -TO + (+0.89) ≈ (CH 3 )γ-TO + (0.88) < (CH 3 )δ-TO + (+1.01) < (CH 3 )H 3 -TO + (+1.07). It could be concluded that the increasing positive charge in the aromatic ring favors an increased rate of reaction with nucleophiles and, therefore, results in a decrease in lifetime in solution. However, the calculations also indicate that most of the positive charge in the aromatic ring is located on C 1 and C 4 , and for (CH 3 )R- TO + , the positive charge on C 4 is extremely high compared to the other phenoxonium cations. Considering that nucleophilic attack on C 4 is a major reaction route for the phenoxonium cations, the high positive charge on C 4 for (CH 3 )R-TO + seems counterintuitive to its long lifetime in solution. This argument does not take into account the steric hindrance that the C 8 methyl group would be expected to have in preventing nucleophilic attack at C 4 [which is not present in (CH 3 )H 3 -TO + ]. A further interesting result from the electrostatic potential derived charges is that, for (CH 3 )R-TO + , the ether oxygen (Scheme 6, O 16 ) carries a high negative charge compared to the other phenoxonium cations (-0.46 compared to between -0.24 and -0.35) ( Table 3 ). The high negative charge on O 16 could provide a mechanism for electrostatic repulsion for incoming nucleophiles, thereby decreasing the solution phase reaction rate. The calculations predict that the negative charge on O 16 in (CH 3 )R-TO + is even higher than on the carbonyl oxygen (O 15 ), while for the other compounds the negative charge on O 16 < O 15 (except for (CH 3 )H 3 -TO + , where the charges on the oxygen atoms are equal). Therefore, for (CH 3 )R-TO + , the anisotropic effect of the carbonyl group (C 1 -O 15 ) hinders nucleophilic attack from the direction of the carbonyl group, the steric effect of the C 8 methyl group prevents nucleophilic attack across the open-side double bond, and the electronegative oxygen (O 16 ) hinders nucleophilic addition from the direction of the chromanol ring.
Conclusions
The electrochemical oxidation of tocol and the tocopherols in CH 3 CN and CH 2 Cl 2 initially proceeds via an ECE mechanism to form phenoxonium cations. Digital simulation of variable scan rate cyclic voltammetric data allowed an estimation of the rate constants of the electrochemical and chemical steps. The rate constants for the protonation reaction (C-step) are fast, resulting in equilibrium constants that favor the oxidation processes being chemically reversible. The phenoxonium cations of the less methylated compounds (tocol and γ-and δ-tocopherol) are able to undergo a hydrolysis reaction on the voltammetric time scale to form hemiketals which isomerize into p-quinones. The rate constants for the hydrolysis reaction (k f(2) ) increase with decreasing methylation of the aromatic ring [(CH 3 )R-TO + < (CH 3 )γ-TO + ≈ (CH 3 )δ-TO + < (CH 3 )H 3 -TO + ]. In contrast to CH 3 CN and CH 2 Cl 2 , the oxidation of (CH 3 )R-TOH in DMF and DMSO showed no evidence of chemical reversibility at scan rates up to 500 V s -1 , indicating that the lifetime of the phenoxonium cation was considerably less (than in CH 3 CN and CH 2 Cl 2 ).
The results from theoretical calculations indicated a number of systematic differences between the different tocopherols in terms of atomic bond lengths and charges. The reason for the increased lifetime in solution for (CH 3 )R-TO + , compared to the other phenoxonium cations, is likely to be because of a complicated mixture of the charge distribution (resulting in electrostatic repulsions) and steric hindrance, affecting its interactions with nucleophiles.
